Chattonella marina, a harmful algal bloom (HAB) causative species, was used to study the mortality, physiology, and pathology of a marine stenohaline fish, goldlined seabream exposed to the toxic alga. The median lethal time (LT 50 ) was 3 h upon exposure to 8000 cells/ml of C. marina. Significant induction of filamental chloride cells (CCs) [i.e. increases in CC fractional area and in the volume density of CCs], concomitant with significant reduction of blood osmolality, were found in C. marina treated fish. To verify whether the toxicity of C. marina was mediated through oxidative stress, a hydrogen peroxide exposure experiment was carried out and the toxicity as well as cytological and physiological changes were compared with the C. marina treatment. Hydrogen peroxide at a concentration of 500 μM H 2 O 2 , (i.e. 25 times higher than that produced by 8000 cells/ml of C. marina (20 μM H 2 O 2 )) was unable to induce similar CC alterations and osmoregulatory impairment in fish as observed in the C. marina treatment. Non-specific membrane damage such as severe loss of microvilli projections on the CC apical opening and rupture of epithelial membranes in the lamellae were observed. The LT 50 was 6 h, two times longer than that with 8000 cells/ml of C. marina. Based on the cytological and physiological evidence and toxicity data, the mechanism by which C. marina kills fish appears to be very different from that caused by H 2 O 2 /ROS. Osmoregulatory distress is the major cause of fish death upon exposure to C. marina.
Introduction
Global increases in the frequency and severity of harmful algal blooms (HABs) have posed a significant threat to the world's coastal environment (Anderson, 1989; Hallegraeff, 1993; Landsberg, 2002) . The raphidophycean flagellates, particularly Chattonella marina, have caused massive fish kills worldwide, including in Hong Kong, Japan, Canada and Australia (Hallegraeff et al., 1998; Tiffany et al., 2001; Landsberg, 2002) .
Over the past decade, reactive oxygen species (ROS) have been considered a likely mechanism for fish kills by raphidophytes. Laboratory studies repeatedly demonstrated that Chattonella marina generates the highest levels of ROS, such as superoxide anion (O 2 · -) and hydrogen peroxide (H 2 O 2 ), compared to other raphidophytes (Oda et al., 1992 (Oda et al., , 1994 (Oda et al., , 1995 Shimada et al., 1991 Shimada et al., , 1993 Tanaka et al., 1994) . The ROS produced by C. marina inhibited the growth of the bacterium Vibrio alginolyticus in culture (Oda et al., 1992b . Ishimatsu et al. (1996a) reported a correlation between the ability of C. marina cells to produce O 2 · -(determined by cytochrome c reduction) and their toxicity to yellowtails (Seriola quinqueradiata). However, no measurements were made on the levels of ROS produced during exposure and the authors did not provide experimental evidence to demonstrate the casual relationship between ROS production by C. marina and fish mortality. Thus, it is not known if the observed fish mortalities were actually caused by ROS.
ROS-mediated gill tissue damage has often been claimed to be the major cause of fish kills by C. marina. For instance, studies by Ishimatsu et al. (1997) and Kim et al. (2001) postulated that fish gill mucus would induce O 2 · -generation from the glycocalyx of flagellates. Sustained O 2 · -generation due to mucus and glycocalyx interactions may then cause severe damage to gill tissue. Marshall et al. (2003) proposed that the high levels of ROS produced by C. marina (in the presence of free fatty acid) would trigger lipid peroxidative damage of gill membranes, resulting in reduced respiratory and osmoregulatory capacity. However, none of the above studies nor any studies to date have provided direct cytological evidence to demonstrate that the levels of ROS produced by C. marina are sufficient to trigger significant gill damage, and subsequent osmoregulatory and/or respiratory impairments and eventual fish mortality.
The toxicity of ROS to biological systems has been well documented (Fridovich, 1978; Cunningham and Capone, 1992) . Given that ROS-induced lipid peroxidation may lead to destruction of membrane integrity (Cunningham and Capone, 1992) , if the amount of ROS produced by C. marina is sufficiently high, oxidative damage of gill epithelia would probably occur. Powell and Perry (1997) reported hypertrophy of epithelial cells and thickening of gill lamella when rainbow trout were exposed to high doses of H 2 O 2 (100 -500 mg/L) for 6 h.
Our recent quantitative cytological studies Au, 2003, 2004) have clearly demonstrated significant induction of chloride cells (number and size) in the gills of moribund goldlined seabream (Rhabdosargus sarba) exposed to C. marina, and the resulting cytological changes were similar to gill chloride cells undergoing active ion excretion. A concomitant 70% reduction of blood osmolality was also detected in the moribund fish (Tang and Au, 2004) .
To decipher whether ROS is the cause of toxicity by C. marina, we investigated gill cytopathology and osmolality of fish exposed to a bloom concentration of C. marina (8000 cell/ml) compared to fish exposed to added ROS at a concentration similar to that released by C. marina. Information obtained from this study will help to elucidate the role of ROS in the toxicity of C. marina, which is important for risk assessment and management of this HAB species.
Materials and methods

Fish maintenance
The goldlined seabream Rhabdosargus sarba is an active pelagic species widely distributed in China, Japan, Australia and the Indo-West Pacific (Bauchot et al, 1984) .
Fish (body weight: 180 ± 20 g, fork length: 20 ± 5 cm) purchased from a local fish farm in Sai Kung, New Territories, were acclimated in the laboratory with running seawater for at least 7 d prior to experiments.
Chattonella marina exposure
Chattonella marina (Subrahmanyan) Hara et Chihara (NIES-3) stock culture was kindly provided by the National Institute of Environmental Studies (NIES), Japan.
Details on preparation of mass algal culture followed the procedures described by Tang and Au (2004) . Briefly, a 2 L starter culture was added to a 13 L seawater-K medium in a plexigass tank covered with an autoclaved transparent polypropylene bag (24" x 36", Cole Parmer, USA of the nominal treatment concentration.
In both experiments of Sections 2.2 and 2.3, fish mortality was closely monitored.
Dead fish were removed immediately from the tank. When 50% fish mortality was observed in the C. marina / H 2 O 2 treatment, the remaining moribund fish and fish in each of the controls were sacrificed for blood and gill sampling. Five fish were used for each treatment group for analysis.
Blood and gill sampling
Fish were anesthetized in aerated (0.1 g/L) tricaine methanesulfonate (MS-222). The fish tail was quickly severed with a scalpel blade and blood collected from the caudal vessels using a heparinized capillary tube (Marienfeld) within 20 s. Blood samples were kept on ice and used within 30 min for measurements of blood osmolality using a vapor pressure osmometer (Wescor 5500). Immediately after blood collection, gill tissue was sampled and fixed in 2% paraformaldehyde and 2.5% glutaraldehyde containing 0.05% CaCl 2 in 0.1 M cacodylate buffer (pH 7.6) overnight at 4˚C. Details on gill tissue processing for electron microscopy were described in Tang 
Quantitative scanning electron microscopy
Our earlier study (Tang and Au, 2004) (equivalent to a surface area of 2800 μm 2 ) was used. A total of 20 fields (2 filaments × 10 fields) were examined for each fish. Morphometric measurements were performed using the analySIS 3.2 image software (Soft Imaging, Germany).
Quantitative transmission electron microscopy
Stereological analysis of gill epithelial cells was performed according to the principles of Weibel (1979) and Howard and Reed (1998) . For each fish, three embedded tissue blocks were randomly chosen for sectioning. One technically perfect ultrathin section from each block was selected for examination. Eight fields at both 1250× and 8200× magnification were captured and recorded by a CCD camera (Gatan 792 BioScan camera)
for each ultrathin section. This yields a total of 30 records (3 blocks × 10 fields) at each level of magnification for each gill sample.
The volume densities of filamental chloride cells, Vv (chloride cell, filament) were measured at 1250× using a 196 test point lattice (d = 5.04 µm) and the computer-assisted stereological toolbox software CAST 2.0 (Olympus, Denmark). Details on the calculation of stereological parameters were described by Tang and Au (2004) .
Statistical analysis
One-way analysis of variance (ANOVA) was used to test the null hypotheses that there were no quantitative changes in each cytological parameter and blood osmolality between fish in the C. marina treatment and the controls (seawater, D. tertiolecta). Likewise, one-way ANOVA was used to test similar quantitative changes between fish in the H 2 O 2 treatment and seawater control. Data were normalized by log 10 transformation prior to ANOVA to achieve equality of variance if necessary. Where significant differences were identified (P < 0.05), pairwise comparisons were made among different treatments using a Tukey's test (Zar, 1996) . Statistical analyses were performed using the statistical software SigmaStat (SPSS, USA).
Results
Fish mortality and behavioural changes
When fish were exposed to 8000 cells/ml of C. marina, mortality started to occur after 1 h, and increased thereafter. The median lethal time (LT 50 ) was 3 h. In the exposure experiment with 500 µM H 2 O 2 , the LT 50 was 6 h. No mortality occurred in either the seawater control or the D. tertiolecta control throughout the two experiments.
Upon exposure to C. marina, fish immediately developed a subdued fright response but resumed normal behavior after ca. 10 min. The moribund fish appeared sluggish, disorientated and died 10 -15 min after symptoms developed. In contrast, fish exposed to H 2 O 2 displayed no signs of discomfort at the beginning, but moribund fish developed symptoms of severe respiratory distress, including coughing and more rapid and marked opercular movements.
Blood osmolality
Blood osmolality remained steady in fish from the seawater controls and D.
tertiolecta control in both experiments (Fig. 1 ). Blood osmolality decreased significantly (P < 0.05) in the C. marina treatment, whereas it remained unchanged in the H 2 O 2 treatment (Fig. 1) .
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SEM observations and morphometry
As is typical for teleost fish, the gill arch of goldlined seabream bears a row of filaments from the sides of which radiate perpendicular thin lamellae. The epithelial lining of gill filaments is mainly composed of cuboidal pavement cells (PVCs).
Chloride cells (CCs) were identified as round-shaped apical openings among the pavement cells, and were readily observed along the trailing edge ( Fig. 2A) . At high magnification, numerous microvilli projections were found within each chloride cell opening (Fig. 2B ). Mucous cells (MCs), appearing as tiny openings, were occasionally found on the filament ( Fig. 2A) . Surface morphology of gill filaments and lamellae from the D. tertiolecta control was similar to that from the seawater control. No significant differences were found between these two controls for the overall total fractional area of chloride cells (CCFA) (Fig. 3) . Upon exposure to C. marina, gill lamellae appeared normal with no observable edema, and microridges of pavement cells remained intact. Induction of CC apical openings were evident (Fig. 2C) , and numerous apical projections were present in the oval-shaped apical opening (Fig. 2D) . After exposure to H 2 O 2 for 6 h, gross changes of gill integrity were not observed in the inter-lamellar region (Fig. 2E ), but the apical projections of CCs appeared most damaged and complete loss of CC projections was commonly found (Fig. 2F) . No algal cells were observed attached to gill filaments / lamellae and no excessive mucus secretion was evident in both live and moribund fish exposed to C. marina and H 2 O 2 . Morphometric analysis showed the total fractional area of CCs (CCFA) increased 2-fold in the C. marina treatment, whereas it remained unchanged in the H 2 O 2 treatment (Fig. 3) . Fig. 3 
TEM observations and stereology
The gill filament of goldlined seabream consists of a superficial layer of differentiated PVCs, CCs and mucous cells (MCs), and several basal and intermediate layers of undifferentiated cells (Fig. 4A) . In both the seawater and the D. tertiolecta controls, CCs were mostly found in the filament region, and the bulky MCs were fully packed with electron-dense mucin granules. At high magnification, the ovoid to pear-shaped CCs (Fig. 4B ) are characterized by an abundance of mitochondria, a prominent membranous tubular system and a large nucleus. The apical surface of CCs is often invaginated to form an apical crypt.
Fig. 4B
Upon exposure to C. marina for 3 h, CCs were abundant not only in the filamental epithelia but also near the base of lamellae (Fig. 4C) . The CCs were apparently enlarged, with a wide apical opening in contact with seawater, and mitochondria inside the CCs were swollen (Fig. 4D) . No pathological damage of lamellae (e.g. epithelial lifting, edema) were observed in the C. marina-exposed fish. Upon exposure to H 2 O 2 for 6 h, epithelial lifting and membrane rupture were often observed near the tip of lamellae in the moribund fish (Fig. 4E) . Moreover, the opened chloride cells had few to no apical projections (Fig. 4F) . (Fig. 5) increased significantly in the C. marina-exposed fish, whereas no significant difference was found for the H 2 O 2 -exposed fish.
Discussion
Even though the peak concentration of H 2 O 2 (20 μM) in the 8000 cell/ml C. marina treatment was 25 times lower than that in the 500 μM H 2 O 2 treatment, fish mortality in the presence of C. marina (LT 50 = 3h) was two times faster than that of the H 2 O 2 treatment (LT 50 = 6h), suggesting H 2 O 2 alone is not sufficient to explain the high ichthyotoxicity of C. marina. The claim that ROS are the principal toxic agents in fish kills associated with C. marina is thus doubtful.
Importantly, the present study clearly demonstrates that H 2 O 2 at a concentration of 500 μM was unable to trigger similar chloride cell induction (as measured by the CCFA and Vv of chloride cells) and osmoregulatory impairment (as indicated by significant reduction of blood osmolality) as was observed in moribund fish exposed to 8000 cells/ml of C. marina (equivalent to 20 μM H 2 O 2). Whereas, non-specific damage of gill membranes such as severe loss of microvilli projections on CC apical openings and rupture of epithelial membrane in the lamellae were evident in the H 2 O 2 treatment only, similar gill damage was not observed in the C. marina exposed fish. Moribund fish in the 500 μM H 2 O 2 treatment showed no sign of osmotic distress. Such vast differences in toxicity, cytological and physiological responses in moribund goldlined seabream between the two treatments indicate that the fish killing mechanism associated with C. marina must be very different from that of H 2 O 2 .
Since similar ultrastructural alterations of chloride cells and a concomitant reduction of blood osmolality occurred in goldlined seabream independent of the exposure levels (Tang and Au, 2004) , these parameters may be useful to indicate exposure of marine fish to C. marina. In Japan, yellowtails have been regularly used to study the fish killing mechanisms of Chattonella spp. Gross histopathological studies of yellowtails exposed to C. marina (2000 -4000 cell/ml density) revealed severe blockage of gill interfilamental spaces by fish mucus and trapping of algal cells within fish mucus (Endo et al., 1985; Ishimatsu et al., 1996b) . However, our earlier sub-bloom exposure study (2000 cell/ml density) (Tang and Au 2004 ) and the present bloom exposure study repeatedly demonstrated no excessive production of fish mucus in the gills of goldlined seabream under both alive and moribund conditions, and algal cells were not found attached to the gill membranes of moribund fish. Copious mucus production is thus not a typical fish gill response to C. marina.
Our cytological findings further revealed that fish kills by C. marina do not necessarily rely on direct contact between the algal cells and fish gills. This may be contradictory to the ROS-mediated gill damage mechanism postulated by Nakamura et al. (1998 ), and Kim et al. (2001 , in which physical contact as well as interaction with fish mucus was essential for glycocalyx release from C. marina cannot simply be explained by ROS-mediated damage of gill tissue. Our parallel biochemical study (Woo, 2004) provides further evidence to support the view that ROS is not likely the mechanism for ichthyotoxicity by C. marina, in that: (i) no significant induction of anti-oxidative responses was detected in the gill of goldlined seabream exposed to 8000 cell/ml C. marina, (ii) the ROS levels produced by C. marina were proven not sufficient to cause oxidative stress of fish, nor fish mortality. (Woo, 2004) . To further exclude the possibility of ROS toxicity exuded by this red tide causative species and other raphidophytes, in situ measurements of ambient ROS concentrations during bloom conditions are needed.
Apart from the production of ROS, neurotoxic brevetoxin-like compounds (PbTx-2, PbTx-3, PbTx-9 and CmTx) were also suspected to be the culprit of C. marina toxicity (Khan et al., 1995; Ahmed et al., 1995) . However, Marshall et al. (2003) found that similar PbTx compounds were not detected in the Australian C. marina culture, and and yet, rapid fish death could still be observed. The role of PbTx compounds in fish kills associated with C. marina remains controversial. On the other hands, high concentrations of polyunsaturated fatty acid (PUFA) was also suspected to cause fish kill in the C. marina culture (Okaichi, 1983 (Okaichi, , 1989 Marshall et al., 2003) , 
